Upstream transmission at 10Gbps over extended access fibre links is demonstrated using a low-bandwidth RSOA assisted by electronic equalization and optimum filter offset at the receiver (OLT) end.
Introduction
The increasing demand for bandwidth and scalability in Passive Optical Networks (PONs) at limited extra cost imposes the use of currently available cost efficient technologies. The use of wavelength division multiplexing (WDM) and advanced electronic processing schemes, together with simple optical solutions can be a key player towards the realization of extended reach high capacity PONs [1] . The use of reflective semi-conductor optical amplifier (RSOA) at the ONU side of the WDM-PONs is a widely adopted low-cost solution that allows colourless operation [1, 2] . Although RSOA-based PON systems with 10Gb/s downstream transmission have been recently reported [2] , symmetrical data transfer is currently limited to 2.5Gbps by the speed of the commercially available RSOAs.
In this work, we demonstrate for the first time to our knowledge, 10Gbps upstream transmission up to an impressive distance of 85Km using an RSOA with only 1.5GHz electrical bandwidth. This is achieved with: a) the implementation of offset optical filtering and b) the use of low cost effective decision feedback equalization (DFE) at the OLT.
Experimental set-up
The experimental set-up is shown in Fig. 1 . At the ONU an RSOA module transmitter is used. The maximum gain peak of the utilized RSOA is located at 1510nm. A CW signal at 1535nm is introduced from the OLT. A 10Gb/s NRZ data stream with 2 31 -1 long PRBS is applied to the RSOA through a bias-T and a RC circuit. The combination of the RSOA and the passive RC gives as a result an increase of the effective bandwidth from 1.5 to 2.5GHz at the output of the RSOA; when biased with 70mA DC current and modulated with a current of ±35mA. The generated signal is transmitted upstream over an uncompensated link consisted of standard SMF-28 fibre. We focus our study in the up-stream transmission performance limited by chromatic dispersion effects only.
At the receiver end, first an OSNR emulator (VOA + EDFA with noise figure ~5dB) is used to alter the OSNR. Following this, a 40 GHz tuneable optical bandpass filter (BPF) with a small offset to the central CW wavelength is inserted before the PIN to interact with the chirp characteristics of the transmitted signal and reshape it. Fig. 1 includes the eye diagrams of both the original signal after the RSOA and the reshaped one after optimum offset filtering when the system is connected in back-to-back configuration. The filter detuning plays a key role in the detection because of the high transient chirp of the RSOA [3] , improving the demodulation. After the receiver, an integrated electronic equalization circuit is used, consisting of a 5-stage FFE, clock/data recovery and a 2-stage DFE with adjustable tap coefficients to achieve optimum BER. In all cases, the performance of the received signals was evaluated in terms of required OSNR for 10 -9 BER. Assuming the use of FEC, further improvement in the performance is expected.
Experimental results
The initial experimental study performed targeted in identifying the optimum filter position with respect to the central wavelength of the transmitted signal, with and without the assistance of equalization at the receiver end. Fig. 2 shows the required OSNR for 10 -9
BER, at 30Km and 50Km, for various filter offset values with and without DFE (5,2). The input CW power to the RSOA was set to -10 dBm. It is observed that when no equalization is used, the optimum filter detuning value depends on the transmission length (-0.12nm for 30Km and -0.16nm
Figure 1: Experimental set-up and eye diagrams (transmitted -after RSOA, and received -after filter)
for 50Km). This stems from the fact that the chirped signal shape changes due to dispersion as the signal propagates over various fibre distances. The effective received signal bandwidth increases and the eye reshapes (see also the eyes in Fig. 1 ) as a result of the interaction between the characteristics of the optical filter, chromatic dispersion and the RSOA chirped signal. Diverse performance is observed for different distances because of the addition of the dispersion produced in the fiber. Moreover, it is shown that small filter offset variations around the optimum offset value result in significant signal degradation (or in other words accurate and stable filter tuning is required in order to assure optimum performance). However, when DFE equalization is used in combination to offset filtering at the receiver, then a) the link's distance dependency to filter offset is minimized (optimum filter offset at 0.16nm), b) the system performance is significantly increased (in terms of OSNR performance compared to the case without DFE) and c) the tolerance due to filter offset variations around the optimum value is significantly enhanced.
In order to examine the achievable error free transmission distance (in terms of required OSNR for 10 -9 BER) when optimum filtering and DFE (5,2) is applied, the results shown in Fig. 3 have been obtained. Here, the upper line (triangles) refers to the case where only optimum offset filtering is applied at the receiver end. Due to the behaviour observed in Fig. 3 , these values have been obtained by optimizing the filter position according to the measured distance, which is a rather impractical approach. In this case the maximum distance is 50Km and the best performance is achieved at 30Km, which proves that the initial signal from the RSOA is pre-chirped and its interaction with the fibre chromatic dispersion and filtering effect smoothes out signal distortions around 30Km. This is evident also from Fig. 4a presenting the received eye diagrams after various distances. The lower two curves in Fig. 3 provide the results obtained when optimum offset filtering (fixed at -0.16nm) is combined with DFE(5,2). This case has been examined for two different input power levels at RSOA, -10dBm and -15dBm, emulating different power budgets for the downstream transmission resulting in the two different input power levels at the RSOA (ONU) input. It is noted that without equalization, it was impossible to achieve error free (BER>10 -9 ) measurements for -15dBm RSOA input power, mainly due to the fact that the transmitted wavelength (1535nm) was away from the maximum gain peak of the RSOA (1510nm). The corresponding eye diagrams are shown in Fig. 4b .
According to these results, it can be observed that an additional use of DFE (5,2) relaxes the system from strict design requirements and offers significant transmission improvement achieving error free transmission over 85Km or 65Km depending on the input power to the RSOA (-10dBm and -15dBm respectively). It is also important to note that with the use of only DFE and not with the assistance of optical filtering, no transmission distance could be achieved at a BER of 10 -9 .
Conclusions
This work has experimentally demonstrated that despite their limited electrical bandwidth, RSOAs can be used as low cost wavelength independent sources at ONUs and allow error free 10Gb/s upstream data transfer over more than 85Km when combined with optimum filter offset and DFE at the receiver end. 
